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ABSTRACT
We introduce a new cross-correlation method to detect and verify the astrophysical
origin of Faraday Rotation (FR) in multiwavelength surveys. FR is well studied in
radio astronomy from radio point sources but the λ2 suppression of FR makes de-
tecting and accounting for this effect difficult at millimeter and sub-millimeter wave-
lengths. Therefore statistical methods are used to attempt to detect FR in the cosmic
microwave background (CMB). Most estimators of the FR power spectrum rely on
single frequency data. In contrast, we investigate the correlation of polarized CMB
maps with FR measure maps from radio point sources. We show a factor of ∼ 30 in-
crease in sensitivity over single frequency estimators and predict detections exceeding
10σ significance for a CMB-S4 like experiment. Improvements in observations of FR
from current and future radio polarization surveys will greatly increase the usefulness
of this method.
Key words: (cosmology:) cosmic background radiation – cosmology: miscellaneous
– methods: data analysis
1 INTRODUCTION
Current and future polarized cosmic microwave background
(CMB) experiments like PLANCK (Planck Collaboration
et al. 2016a), QUIET (Bischoff et al. 2013), WMAP (Ben-
nett et al. 2013), CLASS (Essinger-Hileman et al. 2014),
SPT (Benson et al. 2014), SPIDER (Fraisse et al. 2013),
and The BICEP/KECK array (Ahmed et al. 2014, BICEP2
and Keck Array Collaborations et al. 2015) image the cosmic
microwave background with increasing sensitivity. In partic-
ular, these experiments are improving the sensitivity to the
polarized E-mode signal and providing better wavelength
coverage (30–220 GHz) compared to previous generations
of CMB experiments. The first B-mode signals have also
been detected via the lensing B-modes in a cross-correlation
from SPT (Hanson et al. 2013) and ACT (van Engelen et al.
2015), autocorrelation from SPTpol (Keisler et al. 2015),
ACTpol (Naess et al. 2014) and Polarbear (The Polarbear
Collaboration et al. 2014), and dust generated B-modes in
auto and cross-correlation (BICEP2 and Keck Array Col-
laborations et al. 2015, BICEP2/Keck and Planck Collabo-
rations et al. 2015).
Another foreground contribution to the B-mode signal
in the CMB is Faraday Rotation (hereby referred to as FR)
(Sco´ccola et al. 2004, Tashiro et al. 2008). Primordial, Galac-
tic and extragalactic contributions to FR will cause E-mode
and B-mode mixing (Gluscevic et al. 2009). Future B-mode
experiments will need to remove this signal in order to accu-
rately characterize polarized signals from primordial sources
or an EB cross-correlation.
FR is the displacement of the polarization angle of lin-
early polarized photons as they propagate through a plasma.
While dust or synchrotron polarization provides information
on the component of magnetic fields oriented perpendicular
to the line of sight, FR is a probe of magnetic fields along
the line of sight.
The presence of ‘isotropic birefringence’ can also rotate
the polarization angle of linearly polarized photons. This
effect, however, manifests in a frequency independent man-
ner and imprints a unique, `-independent, signature on the
CMB power spectrum. In contrast, the anisotropic nature of
FR imprints a signature with known `-dependent structure
on CMB power spectra. (Lue et al. 1999, Gruppuso et al.
2016)
Available maps of Galactic and extragalactic FR mea-
sure, shown in Figure 1, rely on current radio data (Opper-
mann et al. 2015) but upcoming radio surveys will provide
better overall sensitivity and more precise measurements of
FR (Bernardi et al. 2013, Sotomayor-Beltran et al. 2013,
Condon 2015, Sotomayor-Beltran et al. 2015, Wayth et al.
2015, Lenc et al. 2016).
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Figure 1. RM of the Galaxy as provided by Oppermann et al.
(2015). The top figure is the RM reconstruction and the bottom
is uncertainty in RM. Note the difference in scales.
FR becomes significant for photons travelling through
regions with large magnetic fields oriented parallel to the di-
rection of photon propagation and regions with weak mag-
netic fields extending over non-trivial distances (De et al.
2013).
In near-large galaxies, the high electron density, ne, can
cause large FR and may also contain tangled magnetic fields
that can lead to depolarization (Carretti 2010). Depolariza-
tion is the net loss of the total polarized intensity. FR can
also cause depolarization through differential FR. Differen-
tial FR occurs when polarized photons are emitted from a
spatially extended source or, in the case of the CMB, from
a large primordial magnetic field at the surface of last scat-
tering. Photons undergo different amounts of FR depending
upon the extent of the source through which they travel.
For the CMB specific case, a large magnetic field at
the surface of last scattering will create a damping effect
on E- and B-mode production. In the presence of a large
magnetic field, Thomson scattering at the surface of last
scattering will cause depolarization (Sco´ccola et al. 2004).
Specific discussion of these effects can be found in Harari
et al. (1997) and Sco´ccola et al. (2004) respectively.
The detection of FR at millimeter wavelengths would
enable the detection of the rotation of polarized CMB emis-
sion due to interactions at high redshifts (e.g. reionization
or recombination epochs). This would potentially constrain
the amplitude of large-scale magnetic fields.
Characterizing FR through different cosmological eras
will also provide insight to the evolution of magnetic fields
in the Universe. Observable FR first occurred during pho-
ton decoupling at the surface of last scattering (Kosowsky &
Loeb 1996). When the universe is still at a high ionized frac-
tion, photons that have decoupled from the baryionic fluid
will experience FR while recombination occurs. Reionization
will also leave a signature of FR as ionization fractions in-
crease and photons pass through ionized regions (Sco´ccola
et al. 2004).
Predictions for FR in the CMB at recombination from
primordial magnetic fields estimated a 1◦ rotation in polar-
ization angle at an observed frequency of 30 GHz (Kosowsky
& Loeb 1996). The resulting power spectrum of these polar-
ized photons is estimated to have a peak polarization ampli-
tude of `2CC` ≈ 10−12(µK)2 (Kosowsky et al. 2005). Recent
estimates of the strength of primordial magnetic fields from
the PLANCK collaboration correspond to a level of FR in
the CMB comparable to the amount expected from Galac-
tic sources (Planck Collaboration et al. 2016c). A precise
understanding of Galactic FR is required to disentangle the
two signals. Detecting Galactic FR in CMB data sets is the
first step in this process.
The paper is organized as follows: Section 2 reviews FR,
Section 3 defines the correlator used in this paper and its un-
certainty, Section 4 analyses the simulations of this correla-
tor, Section 5 explores the correlation of FR with other CMB
foregrounds, Section 6 applies this analysis to real data, and
we provide a discussion of this work in Section 7.
2 FARADAY ROTATION
FR occurs as polarized photons propagate through regions of
space containing ionized particles and magnetic fields. These
photons undergo a rotation in the direction of polarization
by an angle
θ(nˆ) = λ2αRM (nˆ) =
3
16pi2e
λ2
∫
τ˙B · dl (1)
In this equation nˆ is the direction along the line of sight,
τ˙ ≡ neσT a is the differential optical depth, λ is the observed
wavelength of the photon, B is the comoving magnetic field
and dl is the comoving element of length along the trajectory
of the photon (De et al. 2013). The differential optical depth
is a function of the free electron density along the line of
sight, ne, the Thomson scattering cross-section, σT , and
the scalefactor, a. The rotation measure, αRM (nˆ), is the
wavelength-independent quantity describing the strength of
FR along the line of sight.
Under FR, the Stokes parameters are transformed as
Qλ + iUλ = (Q0 + iU0)e
2iθ(λ,nˆ) (2)
where Q0 and U0 are the un-rotated Q and U parameters of
the photons in the limit lambda goes to 0, equivalent to the
intrinsic polarization of the radiator (e.g. the surface of last
scattering).
While the un-rotated polarization bases cannot be di-
rectly observed, the effects of FR in multifrequency experi-
ments can be observed through the phase difference between
frequencies
Qi + iUi = (Qj + iUj)e
2i(λ2i−λ2j )α(nˆ) (3)
where subscripts i, j represent different observation fre-
quency bands. In other words, the polarization vector,
Q+ iU , should differ by a phase proportional to the differ-
ence of the squares of wavelengths between two frequency
bands.
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Estimators of the RM power spectrum can be con-
structed from direct observation of the Gradient (E-mode)
and Curl (B-mode) power spectra of the CMB (Glusce-
vic et al. 2009, Kamionkowski 2009, Yadav et al. 2009, De
et al. 2013, Pogosian 2014). Such an estimator can also be
used to constrain the strength of primoridial magnetic fields
(Pogosian 2014, Ade et al. 2015, Planck Collaboration et al.
2016c). These optimal estimators will help constrain early
universe models and the evolution of magnetic fields. Unfor-
tunately, noise levels in current CMB experiments are too
high to characterize the FR power spectrum.
In this paper, we calculate the cross-correlation of FR
measure maps provided by Oppermann et al. (2015) with
CMB maps. This correlation can be used to verify the pres-
ence of FR in the CMB from a known source (e.g. FR mea-
sured from radio observations) and as a tool to verify astro-
physical FR in CMB observations. Since FR is cumulative,
direct fitting for αRM will only recover the net effect of as-
trophysical FR, FR intrinsic to sources and any systematic
effects that manifest in the uncertainty of polarization angle.
3 FARADAY ROTATION CORRELATOR
3.1 Correlator
To construct this correlation, consider maps of observed
CMB Stokes parameters Q and U . For each pixel, n, in these
maps, the small angle approximation of equation Equation 3
becomes
Qni + iU
n
i = (Q
n
j + iU
n
j )e
2i(λ2i−λ2j )α(nˆ)
≈ (Qnj + iUnj )(1 + 2i(λ2i − λ2j )αnRM )
(4)
Since Stokes Q and U are both real quantities, we can sep-
arate the real and imaginary parts of this equation and cal-
culate the difference in each as
∆Qnij = Q
n
i −Qnj = 2(λ2i − λ2j )αnRMUni
∆Unij = U
n
i − Unj = −2(λ2i − λ2j )αnRMQni
(5)
where the subscripts i, j represent frequency bands.The mi-
nus sign convention here is chosen such that the resulting
power spectra are positive. Applying this correlator requires
maps of Q and U from at least two frequencies and a suffi-
cient map of αRM . To combine more than two pairs of maps
we employ an inverse variance weighting of the correlation
for multiple frequency pairs.
Using the standard spherical harmonic decomposition,
we define
∆Qij
2(λ2i − λ2j )
≡
∑
`m
qij`mY`m (6)
∆Uij
2(λ2i − λ2j )
≡
∑
`m
uij`mY`m (7)
−αRM (nˆ)Qi ≡
∑
`m
ri`mY`m (8)
αRM (nˆ)Ui ≡
∑
`m
si`mY`m (9)
The factor 2
(
λ2i − λ2j
)
in Equations 6 and 7 is introduced to
construct a wavelength-independent correlator. These four
maps will form the basis of our cross-correlations. Equa-
tion 5 shows that under small rotations the quantities in
equations 6 and 9 should be equivalent since the 2
(
λ2i − λ2j
)
will cancel in the definition of ∆Qij in equation 5. This will
also hold for equations 7 and 8.
From the spherical harmonic coefficients, cross-
correlations can be defined as
CAB` =
1
2`+ 1
∑`
m=−`
Re {A∗`mB`m} (10)
Where A and B denote the two maps used in a cross-
correlation, for this work equaitons 6 and 9, and equa-
tions 7 and 8. These two angular power spectra can then
be added together to create the detection correlator
CFR` =
1
2`+ 1
∑`
m=−`
Re { q∗`ms`m + u∗`mr`m }
= C∆Q×αU` + C
∆U×αQ
`
(11)
3.2 Uncertainty
The theoretical uncertainty in equation 11 can be calculated
following the work of Polenta et al. (2005). The method
calculates the uncertainty in a cross-correlation as
δC˜ij`
2
=
2
ν`
{
Cij`,th
2
+
Cij`,th
2
(
N i` +N
j
`
)
+
N i`N
j
`
2
}
(12)
where ν` = (2` + 1)∆`fsky
w22
w4
F`, fsky is the fraction of the
sky observed, ∆` is the size of a bin in ` space, w2 and
w4 are powers of integrals of a pixel space masking function
and F` is a power-transfer function. These quantities and an
in-depth analysis can be found in Hivon et al. (2002). The
subscript th denotes a theoretical model. For this work, we
represent Ci,j`,th as multiple realizations over noiseless CMB
simulations inserted into the correlator pipeline. The two
maps are given superscripts i and j, and their respective
noise power spectra denoted as N i,j` .
An estimate of the noise power in equation 6, N∆Q` ,
and equation 9, NαU` , is required to use equation 12. To
accomplish these estimates, considering equations 6 and 9,
write
qij`m =
∫
dΩ
[
Qi(θ, φ)−Qj(θ, φ)
2
(
λ2i − λ2j
) ]Y ∗`m(θ, φ) (13)
sij`m =
∫
dΩ
[
α(θ, φ)× U j(θ, φ)
]
Y ∗`m(θ, φ) (14)
Assuming each map to be a sum of signal and noise compo-
nents: Qi = Qi0 + δQ
i, U i = U i0 + δU
i and α = α0 + δ, and
equations 13 and 14 become
qij`m =
∫
dΩ
[
Qi0 + δQ
i −Qj0 − δQj
2
(
λ2i − λ2j
) ]Y ∗`m(θ, φ) (15)
sij`m =
∫
dΩ
[
(α0 + δα)× (U j0 + δU j)
]
Y ∗`m(θ, φ) (16)
Then we separate terms that rely on any noise component
from the purely signal components and square in Fourier
MNRAS 000, 000–000 (0000)
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Instrument
ν
(GHz)
FWHM
(acrmin)
Noise Depth
(µK-arcmin)
QUIET 43.1 27.3 36
94.5 11.7 36
BICEP/
KECK
95 30 3.4
150 30 3.4
ACT 30 5 14
40 5 14
90 2.2 11
150 1.3 10
230 0.9 35
PLANCK 30 33 210
44 24 240
70 13 300
SPIDER 90 49 15
150 30 11
250 17 36
CMB-S4 40 4 1
90 2 1
150 1 1
220 0.7 1
Table 1. Parameters used in CMB simulations. All parameters
derived from Bischoff et al. (2013), Chang (2013), Fraisse et al.
(2013), Calabrese et al. (2014), BICEP2 and Keck Array Collab-
orations et al. (2015), Planck Collaboration et al. (2016a).
space. Converting the integrals to summations over pixels
of size Ωpix, and writing the uncertainty per pixel in a map
X as σXn , the noise power spectra can be written as
N∆Q` =
Npix∑
n
σ2Qin
− 2σQinσQjn + σ
2
Q
j
n(
2(λ2i − λ2j )
)2 Ω2pix4pi (17)
NαU` =
Npix∑
n
[
σαU
j
0 + α0σUj + σασUj
]2 Ω2pix
4pi
(18)
Inserting these into equation 12, a theoretical estimation of
the variance in the cross-correlation power spectrum can be
computed. This process can also be repeated to estimate the
noise for the correlations of equations 7 and 8. The two sep-
arate variance estimators are then added in quadrature to
provide an estimate of the uncertainty for Equation 11. We
also produce noise estimators by performing Monte Carlo
simulations over independent noise simulations. The agree-
ment between these estimators is shown in Figure 2. We find
a good agreement between these two estimators in general.
Variations between them can result from a spatial structure
that exists in the noise maps not captured by an RMS ther-
mal noise power.
4 SIMULATION
We simulate CMB observations for the following sur-
veys: QUIET, PLANCK, BICEP/KECK, AdvancedACT,
PLANCK, SPIDER and sensitivities expected for CMB-S4.
The parameters used to construct these simulations are de-
scribed in Table 1. The CAMB software is used in simulating
CMB data (Lewis et al. 2000, Howlett et al. 2012) and the
HEALPIX
1 (Go´rski et al. 2005) and ANAFAST packages are
used in data processing.
We generate pure CMB simulated data and apply FR
to the polarized Q and U maps based on the frequencies
of a given array. The RM used to facilitate FR in these
simulations is the map provided by Oppermann et al. (2015)
and shown in Figure 1.
The polarized Q and U maps are then smoothed to
the observing resolution for each instrument. White noise is
added to the smoothed polarized maps before an additional
smoothing with a Gaussian beam to the desired resolution
for analysis. Noise is added before the final smoothing since
data product maps are created at different spatial resolu-
tions but must be smoothed to the same resolution for be-
fore this analysis. In order to properly difference maps of Q
and U from different observational wavelengths, we smooth
all maps to resolution of 40arcmin. Since the FR maps used
in the analysis are only available at Healpix NSIDE = 128,
we downgrade all maps to this Healpix NSIDE and smooth
to avoid pixelization effects.
These images are then analysed using the method from
§ 3. The results from these simulations are characterized
using the following definitions.
To find the likelihood of a correlation, we calculate the
posterior distribution for a scalefactor β such that
CFR` = βC
FR
`,th (19)
with the CFR`,th given from noiseless simulations in the ob-
served region. Due to the low angular resolution of current
FR measure maps, this posterior is only fit for 25 < ` ≤ 250.
Assuming a uniform prior distribution for β in the range
[–1000,1000] and Gaussian variances, when computing the
posterior distribution of the simulations, the standard error
of the mean is used as the uncertainty of the data points.
Defining the estimator of β as β¯, it should fall in the interval
β¯ = 1± σβ¯√
Nsim
(20)
where σ2β¯ is the variance of the posterior distribution and
Nsim is the number of simulations. We calculate the total
SNR of the correlator as
SNR =
1
σβ¯
(21)
Since the simulations are designed such that β = 1, a strong
correlation is represented by a narrow peak centred around
β¯ = 1. The posterior is computed in this way to determine
whether there exists bias in the simulations or correlator.
The results from our simulations are illustrated in Fig-
ure 2. The signal to noise expected from this correlation can
be found in Table 2. Based on our estimates, current CMB
experiments are unable to detect the FR cross-correlation
due to the high thermal noise in CMB observations and the
limited spatial resolution of current RM maps. Next gener-
ation experiments with thermal noise levels similar to the
CMB-S4 estimates and increased spatial resolution of RM
maps will be able to make high signal-to-noise detections.
1 Information on HEALPix available at http://healpix.sf.net/
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Figure 2. Simulated output power spectra from QUITE, PLANCK, SPIDER, SPT-3G, AdvancedACT, and CMB-S4. The grey region
represents the noise estimator given in Equation 12, error bars are generated by Monte Carlo trials over N = 500 noise simulations. The
theoretical and MC error bars show agreement within the simulated regions. The red line and surrounding red shaded region represent
the theoretical signal for each experiment and uncertainty due to cosmic variance. Large thermal noise in current generation CMB
arrays and limited spatial resolution of the FR map limit the signal to noise of this correlation. Experiments like the future CMB-S4
will have sufficient sensitivity to make high signal-to-noise detections of this signal. Signal-to-noise for each experiment is computed for
25 < ` < 250 due to the limited resolution of the radio RM maps. Higher resolution maps would allow for experiments like AdvancedAct
to make detections at higher multipole moments.
MNRAS 000, 000–000 (0000)
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Figure 3. Same as Figure 2, but for inputs maps containing only polarized synchrotron. The grey shaded region is the theoretical error
bar with the jack-knife error. Error bars represent the standard deviation in a bin. The red line is the theoretical estimate of the FR
cross-correlation signal in the region. Synchrotron emission can contribute power on the same scale or higher as the expected FR signal.
This power is dominated by the uncertainty in the correlation however. Good synchrotron removal is necessary to perform this correlation
properly. The construction of synchrotron templates allows for high-precision subtraction to be performed on CMB data.
MNRAS 000, 000–000 (0000)
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Figure 4. Same as Figure 2, but for inputs maps containing only polarized dust from Planck. The grey shaded region is the theoretical
error bar with the jack-knife error. Error bars represent the standard deviation in a bin. The red line is the theoretical estimate of the
FR cross-correlation signal in the region. Some experiments observe in regions with low dust and are not subject to this foreground.
Experiments with high dust power also exhibit large uncertainty, and this would contribute to the uncertainty in the correlator. Overall,
large uncertainty in the correlation requires good removal of polarized dust emission.
MNRAS 000, 000–000 (0000)
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5 CMB FOREGROUNDS
The presence of polarized CMB foregrounds like synchrotron
and thermal dust emission may cause false correlations with
this method if present in polarization observations.
An in-depth analysis and discussion of the characteris-
tics of polarized CMB foregrounds can be found in Planck
Collaboration et al. (2016d). As noted by Dineen & Coles
(2004), the intensity of synchrotron emission is a function of
the energy density of electrons, N(E)dE, and the strength
of magnetic field. When the electron energy density exhibits
a power-law distribution
N(E)dE ∝ E−(2α+1)dE (22)
the intensity of synchrotron radiation takes the form
I(ν) ∝ B1+α⊥ ν−α (23)
where B⊥ is the component of the magnetic field perpendic-
ular to the line of sight and α is the spectral index.
This provides information on the total synchrotron in-
tensity, the polarized components of synchrotron emission
are described in Orlando & Strong (2013) as
Q ∝
∫
(B2⊥x −B2⊥y)I(s)ds (24)
U ∝
∫
(2B⊥xB⊥y)I(s)ds (25)
where the B⊥x and B⊥y are the components of the magnetic
field perpendicular to the line of sight and the integral is
performed along the line of sight.
While synchrotron emission and FR are dominated by
components of the same magnetic field, B, some field con-
figurations may produce the existence of one effect and not
the other (e.g. FR without synchrotron and vice-versa).
Polarized thermal dust emission is dominated primarily
by the temperature of the dust, Td, as well as the compo-
nent of the magnetic field perpendicular to the line of sight
B⊥ and its alignment with the orientation of dust particles
(Planck Collaboration et al. 2015b). While its correlation
with FR cannot necessarily be intuitively predicted, much
work has been done attempting to simulate this emission
(Planck Collaboration et al. 2015b, Ghosh et al. 2017, Van-
syngel et al. 2017) and accurate simulations of emission can
be used to estimate the amount of correlation.
Dineen & Coles (2004) use a Spearman rank-order cor-
relation coefficient to investigate the amount of correlation
between FR from radio point sources and CMB foreground
maps. They find a stronger correlation between dust and FR
than between synchrotron and FR, even outside the galactic
centre.
For our analysis we are investigating how polarized fore-
ground may cause a false correlation with our method. The
residual correlations found in the Spearman rank-order anal-
ysis suggest that polarized CMB foregrounds may produce
false positive correlation.
To determine the extent to which the FR cross-
correlation may be contaminated by other low-frequency po-
larized CMB foregrounds, we compute the correlator from
§ 3 with polarized dust and synchrotron maps provided by
PLANCK (Planck Collaboration et al. 2016b) for each set
of observed frequencies in the simulated experiments.
We can estimate the error in the foreground correla-
tion by sending a jack-knifed map, created from differencing
the Half mission 1 and Half mission 2 images from each
potential foreground respectively, through the correlation
pipeline. This error is represented by the shaded regions in
Figs 3 and 4.
Fig. 3 shows the results of cross-correlation pipeline
when the polarized synchrotron maps are substituted for
rotated CMB images. Within error, this correlation is found
to be consistent with zero and is not expected to contam-
inate a net signal to the correlation. The large magnitude
of recovered correlations is comparable to the expected FR
signal and indicates that proper foreground removal from
observation is necessary to ensure synchrotron contamina-
tion does not dominate the final error budget.
Similarly, Fig. 4 shows the results of the cross-
correlation pipeline when the polarized dust maps are sub-
stituted for rotated CMB images. Polarized dust shows a
residual correlation for the simulated frequencies. This sig-
nal is especially prominent in the high frequencies where
dust emission is strong. Hence, in the analysis of actual ob-
servations, care must be taken to accurately remove this
foreground before performing the cross-correlation.
For both types of foregrounds analysed, the jack-knife
errors dominate any potential residual signal. Without
proper removal, these foregrounds may contribute to a false
correlation or an anticorrelation. The existence of detailed
foreground maps for direct subtraction and the usage of
techniques like a principle component analysis allow for the
removal of these foregrounds from CMB maps in practice.
6 APPLICATION TO REAL DATA
Based on the simulation, the low-frequency data collected
by PLANCK should not be able to detect the effects of the
Galactic FR. The contributions from thermal noise domi-
nate the correlation. In this section, we apply the correlator
to actual PLANCK data to test the predictions above.
When applied to Planck LFI data, the cross-correlation
produces the results shown in Fig. 5. Black error bars in
Fig. 5 are given by the standard deviation of the power
spectrum in a bin of ∆` = 25 over N = 500 realization of
the noise covariance map provided in the PLANCK data re-
lease injected into a simulated CMB signal. The grey shaded
region is the theoretical error given in Section 3.2 with the
thermal noise level from Planck Collaboration et al. (2016a).
The posterior distribution of β is generated using the theo-
retical error bars for the PLANCK data. The posterior dis-
tribution for β produces β¯ = 27.91 and σβ¯ = 74.00.
The mean of the posterior is consistent with zero within
error and the standard deviation of the posterior, σβ¯ , and
the SNR from the analysis of the PLANCK data agrees with
the expected level from simulation within a factor of ∼ 15%.
The disagreement may be a result of a spatial structure that
exists in the noise covariance map provided by PLANCK op-
posed to the RMS noise amplitude used in simulations. The
agreement between the simulated and actual Planck analy-
ses supports the predications made for other experiments as
well.
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Experiment
Frequencies
(GHz)
Noise levels
(µK-arcmin)
fsky β¯ σβ¯
S/N
Galactic FR
PLANCK 30,44,70 210,240,300 0.731. .21 63.80 0.02
BICEP2 100,150 3.4 0.01 0.71 25.09 0.04
SPIDER 90,150 10 0.1 0.59 23.11 0.04
QUIET 45,90 36 0.005 1.41 13.07 0.08
SPT3G 150,220 3.5,6 0.06 0.90 8.42 0.11
AdvancedACT 30,40,90,150,230 14,14,11,10, 35 0.5 1.03 0.73 1.36
CMB-S4 40-220 1 0.731. 1.00 0.04 22.73
SPT3G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.88 4.13 0.24
AdvancedACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.03 0.35 2.89
CMB-S4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.01 0.02 45.46
Table 2. Simulation results and estimates of the SNR expected using this method to detect Galactic FR in the CMB. fsky refers to total
sky fraction observed. Model parameters taken from Bischoff et al. (2013), Chang (2013), Fraisse et al. (2013), Calabrese et al. (2014),
BICEP2 and Keck Array Collaborations et al. (2015), Planck Collaboration et al. (2016a). The lower rows of SPT3G, AdvancedACT
and CMB-S4 represent the parameters of the fit if all available multipole moments are used in the correlation. This demonstrates that
increasing fidelity at higher mulitpole moments of the input maps will allow for stronger detections.
1. .73 sky fraction based on WMAP nine-year polarization analysis mask
Figure 5. Real Planck LFI data correlation, the inverse vari-
ance weighted sum of 30x44, 44x70 and 30x70 correlators. The
error bars are derived from the standard deviation within a bin
of ∆` = 25. The correlator is consistent with zero for all tested
multipoles, indicating no observable signal in the data. The grey
shaded region represents the theoretical error obtained obtained
from the covariance provided in the planck data. Discrepancy be-
tween the error bars and shaded regions may be a representative
of the limited statistics in the data.
7 DISCUSSION
The simulations and analysis of this cross-correlation
method for detecting FR in the above sections have ad-
dressed two types of surveys. The all-sky survey, which pro-
vides large sky coverage, and the single field survey, which
is limited in sky coverage but can integrate to lower noise
levels.
The simulation results and estimates of the expected
SNR for various survey configurations are displayed in Ta-
ble 2. The analysis of these simulations is conducted for
25 < ` < 250. We predict a signal near 2σ significance in
AdvancedACT data and a detectable signal at very high
significance (> 10σ) in a future CMB-S4 experiment. If we
fit for 25 < ` < 384 (the full multipole resolution of the
RM map), we find an increase in statistical significance for
SPT3G, AdvancedACT and the CMB-S4 experiments. This
demonstrates that increasing spatial resolution of maps used
in this analysis will allow for stronger detections of this cor-
relation. According to our analysis, some experiments well
suited to observing high CMB-multipoles like the KECK ar-
ray, SPT, and SPIDER are not good candidates for observ-
ing FR. These instruments, while integrating to low noise
depths, are observing in regions specifically selected for their
low foregrounds and as seen in Figure 1, FR is largest on the
Galactic plane and falls off quickly as Galactic latitude in-
creases.
Compared to single-frequency FR power spectrum esti-
mators, like De et al. (2013), our expected signal-to-noise ra-
tio using Planck-LFI data is greater by a factor of ∼ 30. The
single-frequency estimators must also consider weak lensing
effects of the CMB in order to accurately constrain their
αRM estimator. Since lensing contains only spatially depen-
dent contributions (Lewis & Challinor 2006) and no depen-
dence on frequency, the multi-frequency estimator consid-
ered here offers further advantages for reducing uncertainty
from lensing. The use of single frequency or multifrequency
estimators (De et al. 2013, Pogosian 2014) is also able to
estimate αRM`m from their techniques. Although our cross-
correlation results in the convolution of the polarized CMB
and αRM`m power spectra, this work can be extended to pro-
vide an estimate of the FR power spectrum, αRM`m , and to
remove the effects of weak lensing on the FR estimator.
A map space analysis of non-Gaussain fields like FR
will provide knowledge not accessible through the power
spectrum. We can estimate the minimum polarized sensi-
tivity required by a CMB experiment to observe detectable
Galactic FR in a single pixel at 90 and 150 GHz using the
maximum RM recovered by Oppermann et al. (2015) of 2500
rad m−2.
We find that ∼ 1 degree precision for polarization an-
gle measurements is necessary to construct accurate maps
of Galactic FR measure from CMB experiments. Even more
sensitive observations are required to estimate extragalac-
tic and primordial FR using CMB as a back-light. These
sensitivities are currently beyond CMB experiments. Planck
Collaboration et al. (2015a) discuss the uncertainty in po-
larization angle which results from what they describe as
conventional fitting and Bayesian inferencing. While some
MNRAS 000, 000–000 (0000)
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recovered angles show uncertainties below this threshold,
the distribution of uncertainties extends up to 45 degrees
for Bayesian-derived angles and 100 degrees for conventional
estimation methods. These results are shown in Fig. B.1 in
Planck Collaboration et al. (2015a).
To achieve this level of sensitivity in a CMB experiment,
we can estimate the uncertainty level an experiment would
require on polarized emission by propagating the uncertainty
in θ = 1
2
tan−1(U
Q
) and assuming equality in uncertainties
of Q and U (∆Q = ∆U):
δθ2 = (
dθ
dQ
∆Q)2 + (
dθ
dU
∆U)2 + 2
δθ
δQ
δθ
δU
σQU
=
1
4
(
QU
Q2 + U2
)2((∆Q
Q
)2
+
(
∆U
U
)2)
− 1
2
QU
(Q2 + U2)2
σQU
=
1
4
∆Q2
Q2 + U2
− 1
2
QU
(Q2 + U2)2
σQU
δθ2 =
1
4
(
∆Q2
P 2
− 2QUσQU
P 4
)
(26)
where P =
√
U2 +Q2 is the polarization amplitude,
and σQU is the covariance between Q and U . This requires
sensitivity at the 1 − −2% level in polarization signal on a
per pixel level when σQU → 0. In general, the presence of
covariance between the observed Q and U Stokes parameters
will complicate the ability to achieve sub-degree precision in
polarization angle.
Through modelling and simulation, Planck Collabora-
tion et al. (2016c) predict that primordial magnetic fields of
order 10nG will produce FR at comparable levels to galac-
tic FR. For fields of these strengths, sub-degree polarization
angle sensitivity and precise knowledge of galactic FR would
be necessary to identify and characterize effects from these
primordial fields.
Until these sensitivity levels are reached, a cross-
correlation can be used to identify the Galactic FR contri-
butions to polarized power in the CMB. This kind of cross-
correlation can also be used to verify the presence of FR
from sources common to polarized surveys. Only the con-
tributions to FR from common sources observed by both
surveys [e.g. The CMB and Oppermann et al. (2015) maps
here] will produce a signal with this kind of correlation.
In conclusion, we expect current CMB experiments
to be unable to detect FR even through cross-correlation.
Strong residual signal from CMB foregrounds like dust and
synchrotron radiation will need to be carefully removed from
CMB in any analysis. AdvancedAct observations may be
able to produce a statistically significant signal (∼ 2 sigma)
through a cross-correlation and the significance of the signal
will increase with the inclusion of higher multipole moments
in the fitting of β¯. Intermediary experiments that will have
thermal noise similar to or lower than AdvancedAct may ex-
hibit increasingly significant signals through this correlation.
Strong detections will be possible with the construction of
a future CMB-S4-type experiment.
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